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Introduction
Through billions of years of evolution, nature has refined photosynthetic pigmentprotein complexes to make highly effective use of the most abundant source of energy on our planet, solar radiation. One of these remarkable sunlight conversion systems, the reaction-centre light harvesting-1 complex (RC-LH1) from the purple photosynthetic bacterium Rhodobacter (R.) sphaeroides (Figure 1a) , is capable of ultrafast (<50ps) capture and excitation energy transfer, followed by charge separation within the reaction centre (RC) (Figure 1b , c) with near unity quantum efficiency. [1, 2] This nanoscale photon-conversion unit is assembled in high yield from non-toxic, cheap, earth-abundant materials by R. sphaeroides. Growth capabilities under non-photosynthetic conditions has enabled bio-engineering of desirable properties including absorption profiles and redox properties of the photosynthetic protein complexes, without compromising the viability of the organism. [3, 4] As a result, this complex is an excellent candidate for exploitation in bioelectronics, biosensors and bio-photovoltaics. [5] Opportunities for further enhancement of the optical properties of these biological components is enabled via hybridization with man-made materials, invoking potentially desirable phenomena that are not exhibited by the individual components, such as enhanced light-harvesting via plasmonic effects. [6, 7] In the related field of thin film photovoltaics, much consideration has been given to the efficient management of incoming sunlight to compensate for the relatively low absorbance of the thin layer of photoactive component using plasmonic metal nanostructures. [8, 9] Enhanced light harvesting has been achieved by various strategies such as light scattering, coupling light with surface plasmon polaritons that propagate in the plane of the metal and the absorptive material, and localized surface plasmon resonances which create strong near-electric field enhancements. [8, 9] Although interactions between plasmonic metal nanostructures and fluorophores have been well characterized, [10] hybrid nanostructures in which photosynthetic pigment-protein complexes are interfaced with metallic nanoparticles have only recently emerged. [11, 12] A predominant focus of study of these photoprotein-metal nanostructures has been on the enhancement of fluorescence which occurs as a result of the hybridization. [11] This increased emission, also known as metal-enhanced fluorescence, [13] can be significant (e.g. >500 fold), and is a result of the combination of increases in extinction, radiative decay rates. [6, 14] Another emergent property of these systems is the improved photostability of the fluorophores as a result of a decreased time spent in the excited state. [15] While these phenomena are interesting for the study of fundamental processes in photosynthesis, super-radiant fluorescence is not conducive to forming charge separations necessary for photocurrent generation, and thus a more suitable design is desired in bioelectronic devices. Accordingly, we have pursued novel arrangements whereby the plasmonic interactions support the rate of charge separation, yet inhibit strong radiative and non-radiative decay.
In previous work we have shown that RC-LH1 complexes and RCs can be interfaced directly with unfunctionalised smooth gold electrodes for the generation of photocurrents. [16] [17] [18] Inherent limitations in these systems for achieving high photocurrent magnitudes include low protein loading and light absorption. To address these issues, we have interfaced the RC-LH1 complexes with rough silver (RS), a large surface area material used for surface enhanced Raman spectroscopy (SERS) [19, 20] and in emerging plasmon-enhanced solar cell technologies. [8, 21] To delineate substrate morphology effects, the evaluation of photocurrents, fluorescence intensity, lifetime and stability of RC-LH1 complexes on rough silver (RS|RC-LH1) were compared with those from an equivalent mechanically polished smooth silver (SS) electrode (SS|RC-LH1).
Results and Discussion
A rough silver surface was constructed using an electrochemical procedure [19, 20] and its morphology was characterized with a scanning electron microscope (Figure 1d , e). This revealed a 2.4 µm deep, coral-like structure comprised of interconnected particles ranging from 50-200 nm in diameter, (Figure 1d , e), consistent with previous models that estimated an average particle diameter of 100 ± 6 nm and surface area enhancement of 20-fold. [19, 20] In contrast, the SS substrate displayed a largely planar surface interspersed with ridges and grooves left over from the mechanical polishing. Reflectivity measurements on both silver surfaces in air revealed a strong absorbance band at 325 nm, typical of bulk silver (Figure 1f , top). An additional plasmonic absorbance band at 375 nm ( Figure 1f , asterisk) was observed on RS that approximately coincided with the Soret band of the RC-LH1 bacteriochlorins at 370 nm, and extended across the entire spectrum into the IR, as expected for a substrate containing heterogeneous nanoparticle size. [9, [22] [23] [24] . Confirmation of the purity of rough silver was provided by XPS analysis (Supporting Information Figure S1 ). The absorbance spectrum of the RC-LH1 complex (Figure 1f ) is comprised of multiple bands between 300-1000 nm arising from the bacteriochlorin cofactors and a broad band between 430 and 560 nm due to the absorbance of the carotenoids. This complex typically contains 34 bacteriochlorophylls and 15 carotenoids encapsulated in a disc shaped protein scaffold approximately 12nm in diameter and 6 nm high (Figure 1a ). [25] Bio-hybrid nanostructures were constructed by sequentially drop-casting RC-LH1 complexes and the electron transfer mediator cytochrome c (cyt c) onto the prepared SS and RS surfaces (Supporting Information, Figure S2 ). These coated surfaces were then used as the working electrode in a three-electrode configuration liquid cell with water-soluble ubiquinone (Q0) in the buffer solution as an electron acceptor. Illumination was provided by a tungsten-halogen lamp and a 3 cm water filter with an incident intensity of 100 mW cm -2 , approximating to 1 sun (Supporting Information, Figure S3 ). Electron transfer proceeds stepwise from the silver substrate to the cytochrome c, the special pair of the reaction center (P870), through the A branch and finally is captured in a quinol that diffuses out of the protein into the solution (Figure 1b) . [26] Support for the proposed mechanism of electron transfer is given in Supporting Information, Figure S4 & S5.
The SS|RC-LH1 electrode yielded photocurrent densities with an average value of 27 µA cm -2 (Figure 2a, red . [27] This discrepancy may arise from the fact that not all of the RC-LH1 complexes are functionally interfaced with the surface, thus lowering the kapp. Correcting for a measured 2.4-fold greater loading, RC-LH1 complexes generated a 2.5-fold larger peak current on RS compared with SS (Table 1) transfer of charge between the working and counter electrodes, producing potential differences that dissipate in the initial dark period. [28, 29] To characterize this transient photocurrent further, measurements were made with a rotating RS|RC-LH1 electrode to establish a forced convection of oxidized and reduced quinone mediator through the bulk solution. At a rotation speed of 500 rpm there was a dramatic increase in the level of the stable photocurrent up to values that were almost identical to the initial peak transient current,
and the dark anodic current was lost (Figure 2a black) . This demonstrated that the steady state photocurrent was indeed limited by mass transport of the analyte. [28] In measurements with monochromatic excitation, the wavelength-dependence of the calculated value for external quantum efficiency (EQE = incident photons / charge carriers)
showed excellent alignment with the solution absorbance spectrum of the RC-LH1 complex ( Figure 2b ) with no spectral shifts in the EQE spectrum on either substrate. This established that the RC-LH1 complex was the source of the photocurrent and that it had maintained its functional integrity despite the lack of a self-assembled monolayer (SAM) that is generally thought necessary to maintain protein integrity on bare metals. [30] [31] [32] The peak EQE of 1.3% at 875 nm (5 µW cm -2 irradiation) for the RS|RCLH1 electrode ( Figure 2b ) was ~6-fold greater than the largest reported to date of 0.21% under 6 mW cm -2 irradiation at 875nm using a gold surface. [33] The decreased EQE at approximately 375 nm on RS ( . [34] [35] [36] Many studies have employed functionalization of the electrode material with a SAM for the purposes of binding and control of orientation, but it has been shown that the highest currents can be obtained by directly interfacing RCs with bare metal gold electrodes. [16, 35] One exceptionally high photocurrent of 120 µA cm -2 on a SAM-covered gold electrode has been reported, albeit with an extremely high laser irradiance of 10 W cm -2 at 808 nm, revealing a significant limiting factor in these single layer systems is the capture of photons, and valorises the transition towards RC-LH1 based bio-photovoltaics. [37] In contrast, a smaller number of studies have focused on photocurrent generation by RC-LH1 complexes, beginning with reports up to 15 nA cm -2 on SAM functionalized gold or ITO electrodes. [38] Drop-casting Rhodopseudomonas acidophila RC-LH1 complexes onto unfunctionalised gold electrodes has resulted in up to 10 µA cm -2 , [16] and increased to 45 µA cm -2 by controlled deposition of a Langmuir-Blodgett film, (both studies employing ~20 mW cm -2 NIR excitation). [39] In work most comparable to the present study, a peak value of 7 µA cm -2 with 80 mW cm -2 white light excitation of R. sphaeroides RC-LH1 complexes dropcasted onto an unfunctionalised gold electrode was reported. [33] Our average photocurrent of 166 µA cm -2 under 1-sun represents an approximate 20-fold increase, and our highest photocurrent recorded for a freshly-prepared RS|RC-LH1 electrode under 4-suns was 416 µA cm -². To our knowledge this is far in excess of any reported photocurrent produced by purple bacterial photosynthetic proteins on a bare metal electrode at comparable excitation intensities, and exceeded the highest photocurrent previously measured in published studies by a factor of nine. [35, 39] To investigate the source of the photocurrent enhancement obtained with RC-LH1 complexes on RS, the effects of both substrates on the fluorescence properties of RC-LH1 complexes were investigated by confocal microscopy. SS|RC-LH1 electrodes revealed a nonhomogenous fluorescence map (Figure 4b ) that showed patterns of high-fluorescence regions that were strikingly similar to the patterns of polishing striations observed by SEM ( Figure   4a ). These high fluorescence regions are attributed to RC-LH1 complexes sitting on "hot spots" comprising plasmonic nanostructures inadvertently generated by the polishing procedure that are resonant with the incoming excitation and the RC-LH1 fluorophores. [40] Investigation of these hot spots revealed >100-fold enhanced fluorescence relative to more uniform surface areas, shortened fluorescence lifetimes (<20ps), blinking events, and blueshifted and narrowed fluorescence spectra ( Supporting Information, Figure S6 ), all of which are signatures of strong near-field plasmonic enhancement of fluorescence. [6, 14] The analogous to those reported by Wientjes et al. [11] However, our observations were clearly not as strong as those observed in response to local surface plasmon resonance (LSPR) associated with isolated nanoparticles, which revealed lifetime shortening up to 20-fold and fluorescence enhancement up to 500-fold. [11] In contrast to LSPR on discrete and isolated nanoparticles, LSPRs on a semi-continuous substrate may dissociate into delocalized modes and propagate along the surface, forming surface plasmon polaritons (SPPs). [22] We suggest our observations of shortened lifetimes and enhanced fluorescence to be primarily due to interaction with such SPPs, previously characterized on similar rough silver surfaces. [24] It is well known that the magnitude of the electric field enhancement around SPPs is generally less intense than that of LSPR, which agrees well with our observations of fluorescence on RS. [9, 40, 42] Although the primary RS plasmon absorption band is at 375 nm (Figure 1f ), the resonance extends over a wide range of wavelengths into the infrared, including the primary RC-LH1 absorption band at 870 nm, as expected for an ensemble of nanoparticles of different shapes and sizes. [9] We expect scattering also contributes to enhancing the RC-LH1 light absorption, as the larger diameter (>50nm) nanoparticles will primarily scatter light rather than absorbing it, extending the path length of light through the absorptive layer. [9] Overall, we expect the enhanced excitation in our system to derive from a variety of mechanisms including scattering, enhanced near-field, and possibly plasmon-induced resonant energy transfer (PIRET). [43] Although enhanced radiative and non-radiative decay are not obvious assets in a bio-hybrid photovoltaic device, reducing the dwell time in the excited state could lessen the formation of damaging products such as singlet oxygen and thereby increase the stability of pigment-proteins. [41] Accordingly, the stabilities of the bio-hybrid SS and RS electrodes were characterized under ambient conditions with near-continuous 
Conclusion
This work demonstrates that significant enhancements of photocurrent generation and stability can be achieved by simple and direct interfacing of photosynthetic proteins with a plasmonic metal surface. This was achieved by a simple method of drop casting photosynthetic protein-complexes onto an electrochemically roughened silver electrode without the use of a SAM, resulting in a peak photocurrent of 400 µA cm -2 previously reported in comparable studies by a factor of nine. [35, 39] 
Experimental Section
Materials. Horse heart cytochrome c (cyt c) and 2,3-dimethoxy-5-methyl-pbenzoquinone (Q0) were purchased from Sigma-Aldrich. Milli-Q water (Millipore, Massachusetts) was used in all preparations and procedures.
RC-LH1 Mutant. DNA encoding RCs modified with a poly-histidine tag at the Cterminus of the M-subunit [5] was cloned as a 1841 bp XbaI-BamHI restriction fragment into plasmid pRKEH10 [3] , which is a derivative of broad-host-range vector pRK415 containing a 6.2 kb EcoRI-HindIII fragment encoding pufQBALMX. The resulting plasmid was named pvBALMtX, and was introduced into R. sphaeroides strain DD13
by conjugative transfer as previously described. [3] The resulting transconjugant strains contained His-tagged RC-LH1 complexes but lacked LH2 antenna proteins.
RC-LH1 Purification. This protocol was adapted from that previously published for
His-tagged RCs. [5] Briefly, R. sphaeroides DD13 expressing plasmid pvBALMtX was grown under semi-aerobic dark conditions in M22 medium to a total volume of 12 L. Fabrication of silver RC-LH1 electrodes. Planar disc polycrystalline silver working electrodes of 2 mm diameter (CHI Instruments) were mechanically polished to a mirror-like finish using Al2O3 lapping films of successively finer grain size from 5 µm to 1 µm (Thor Labs), followed by rinsing of the electrode with milli-Q water after each polishing step. Rough silver electrodes were prepared by subjecting the polished Ag electrodes to an electrochemical procedure consisting of four oxidation/reduction cycles in 0.1 M KCl, as described elsewhere. [19, 20] Smooth and rough silver electrodes [45] and by assuming each R. sphaeroides RC-LH1
complexes contains 32 molecules of BChl a. [25] . Full removal of photosynthetic material was confirmed by the absence of a photocurrent on the treated electrodes and absence of any detectable absorbance after completely grinding the electrode, fragmenting the rough silver layer.
Measurement and calculation of EQE and IQE. The external quantum efficiency
(EQE) is defined as the ratio of generated charge carriers to the number incident photons. To measure the wavelength dependence of EQE, the 150 W white light source was passed through a monochromator resulting in an illumination intensity of 25 µW cm -² at 880 nm and a FWHM of 2 nm, measured with an Ocean Optics fiber optic spectrometer (USB2000 UV-VIS) and a Coherent UV-VIS Si power meter, respectively. Photocurrents were measured while the excitation wavelength was scanned at a rate of 1 nm per second from 400 to 900 nm and then from 900 to 400 nm, and the two scans were then averaged. EQE at each wavelength was calculated from the measured photocurrent density (J) and the incident irradiance (I) at that wavelength using the following equation:
Where e is the elementary charge of an electron, ℏ is Planck's constant and ω is the frequency of light.
The internal quantum efficiency (IQE) is the ratio of the number of generated charge carriers to the number of photons absorbed per second as previously calculated. [39, 46] Confocal fluorescence microscopy and lifetime measurements. The adsorption profile of RC-LH1 complexes on silver working electrodes was measured using a home-built confocal fluorescence microscope described elsewhere. [47, 48] Excitation at 800 nm was achieved using a Ti:sapphire laser system (Coherent, Mira900) that achieved via an oxygen scavenger system described previously. [48] The confocal microscopy images in Figure 3 
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